BDNF, neurotrophin-3, CNTF, bFGF, PDGF, Sl 00-p, activin, cholinergic differentiation factor/leukemia inhibitory factor, bone morphogenetic protein-2, IGF-I, interleukin-6, and TGFpl , were all ineffective in rescuing motoneurons dying between E4 and E5. By contrast, motoneurons that undergo programmed cell death at later stages (E6-El O) in the cervical cord are target-dependent and respond to activity blockade and trophic factors. Experimental approaches revealed that early cell death also occurs in a notochord-induced ectopic supernumerary motoneuron column in the cervical cord. Transplantation of the cervical neural tube to other segmental regions failed to alter the early death of motoneurons, whereas transplantation of other segments to the cervical region failed to induce early motoneuron death. These results suggest that the mechanisms that regulate motoneuron death in the cervical spinal cord between E4 and E5 are independent of interactions with targets. Rather, this novel type of cell death seems to be determined by signals that either are cell-autonomous or are derived from other cells within the cervical neural tube.
Key words: motoneuron; sympathetic; cell death; apoptosis; neurotrophic factors; cervical; chicken; quail; avian; development It has long been known that massive cell death occurs in the ventral region of the early chick-embryo cervical spinal cord (Levi-Montalcini, 1950 , 1964 Shieh, 1951; O'Conner and Wyttenbath, 1974; Oppenheim et al., 1982 Oppenheim et al., , 1989 . Striking features of this cell death are precocity of onset, short duration, and large numbers of synchronously dying cells. Cell death begins on embryonic day E4 and lasts <l d (Levi-Montalcini, 1950) . Although the morphology of dying cells is the same as dying cells in other Recei ved Nov. 30, 1995; revised Feb. 26, 1996; accepted Feb. 28, 1996 (O'Conner and Wyttenbach, 1974) , a detailed examination of this novel form of neuronal cell death, including the identification of the phenotype of the dying cells, has not been performed. Levi-Montalcini (1950 , 1964 suggested that these degenerating cells represent a transient population of abortive or vestigial visceral motoneurons, that is, sympathetic preganglionic neurons (SPNs). However, the results of a recent study indicate that the SPNs in the thoracolumbar region are not originally intermixed with the somatic motoneurons (Prasad and Hollyday, 1991) , a finding inconsistent with the argument that the dying cells in the cervical cord are preganglionic neurons. Considerable evidence now exists showing that regulation of neuronal death during embryonic development depends on interactions with synaptic targets. In several cases it has been shown that virtually all neurons send their axons to the target before cell death, and it is generally believed that competition for targetassociated factors determines how many neurons survive the cell death period (for review, see Purves, 1988; Oppenheim, 1989 Oppenheim, , 1991 . However, it is also known that in the very early stages of avian development (e.g., E2-E3) there are regions containing many pyknotic cells in the CNS (Glticksmann, 1951; KBllCn, 1955; Silver and Hughes, 1973; Silver, 1978; Cuadros and Rios, 1988; NavascuCs et al., 1988; Homma et al., 1994 in the ventral horn was counted on E6, ES, and El0 in sections with thionin staining. Counts were made in every 10th or 20th section, and cell counts were multiplied by either 20 or 10. Because of the criteria used for these cell counts (Oppenheim, 1989; Clarke and Oppenheim, 1995) , it was not necessary to use correction factors. In some experiments, Islet-1-immunopositive neurons in the ventral region of the spinal cord were counted as healthy motoneurons. coated Petri dish \;ith a small amount of buffer. To facilitate the injections, the dorsal half of the cervical spinal cord was removed on one side. DiI (l,l'-diocadecyl-3,3,3',3'-tetramethylindocarboc~nine perchlorate) (Molecular Probes, Eugene, OR), dissolved at 0.1% in a mixture of ethanol and DMSO (9:1), was pressure-injected into the ventral region of the cervical spinal cord on the intact side. After the injection, the embryo was returned to the fixative and left for 3-7 d at 37°C and then embedded in a gelatin-egg yolk mixture as described previously (Oppenheim et al., 1988b 
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injections). Embryos
were fixed in Bouin's solution 8-10 hr after the first iniection and processed for paraffin histology; sections (6 brn) were stained with hematoxylin and e&in. Cell counts of pyknotic protiles were made in every 10th section from C8 through C12. The rate of protein synthesis in the nervous system of some embryos after treatment was measured as previously described (Oppenheim et al., 1990 ). Muscle and brain extracts (MEX. BEX) were ureuared from El0 chick embryos as described previously (Oppenhci'm kt al., 1988a), and astrocyte-conditioned medium (A-CM) was prepared as described in Yin et al. (1994) . The human recombinant growth factors and neurotrophic agents were obtained from Amgen Inc. (Thousand Oaks, CA), except for activin, which was a gift from Dr. Ueno of Hokkaido University (Sapporo, Japan), and BMP-2, which was a gift from the Gcnctics Institute Inc. (Cambridge, MA). MEX, BEX, and A-CM were administered as a single dose of 150 kg of total protein in 50 ~1 of PBS with 3 pg BSA or cytochrome c as a carrier. Growth factors and trophic agents were also administered as a single dose (3 pg/50 ~1). Embryos were treated once on E3.5, fixed and staged at E4.5, and processed for histology and cell counts as described above. One group of embryos was treated with either MEX or BEX once daily from E6 to E9 and killed on El0 as described in Oppenheim et al. (1988a Oppenheim et al. ( , 1993 . The cervical spinal cord was dissected, fixed in Bouin's fixative, embedded in paraffin, sectioned (10 pm), and stained with thionin. Cell counts of cervical motoneurons were made in every 10th section through segments C2-C12.
Crooked neck (cnlcn) and talpid' (ta2/ta2) mutant avian embryos Both mutants are autosomal recessive. Embryos from the CIZ and ta" flocks that had a normal phenotype were used as controls. CI~ Embryos have a defect in excitation-contraction coupling (Airey et al., 1993 ) and thus are completely paralyzed. Mutant cn embryos were identified by the total absence of neuromuscular activity (motility) when observed for 5 min through a window in the shell on E4.5 (Oppenheim et al., 1996) . tu" Embryos fail to exhibit programmed cell death in the limb mesenchyme (Dvorak and Fallon, 1991) and can be identified on E4.5 by a distinctly enlarged limb bud (Abbott et al., 1960; Hinchliffe and Thorogood, 1974) . Mutant and control embryos were fixed, staged, and processed for paraffin histology on E4.5 as described above for normal embryos. Cell counts of pyknotic cervical motoneurons were made from every 5th or 10th section through cervical segments C2-C12.
RESULTS
Spatiotemporal distribution and morphology of dying cells
Many dead cells exhibiting nuclear pyknosis (Clarke and Oppenheim, 1995) were observed in the ventral region of the cervical segments of E4.5 (st. 24) chick embryos (Fig. L4 ). Dead cells also expressed positive reactivity to the TUNEL method, which can detect fragmentation of DNA (Gavrieli et al., 1992) (Fig. l&C) . Double staining with the TUNEL method and SC1 immunohistochemistry, which defines ventral horn neurons (Tanaka and Obata, 1984) revealed that dead cells were located throughout the ventral horn region ( Fig. M-D) . Although some dead cells were observed in the marginal zone adjacent to the ventral horn, most of the dead cells were observed within the ventral horn.
To quantify the timing, distribution, and extent of the degeneration, we counted pyknotic cells in the cervical cord from st. 22 (E3.5-E4) to st. 27 (E5-E5.5) (Fig. 2) . In the chicken, there are 15 cervical nerves, and the cervical enlargement consists of C13, C14, C15, and Tl segments. Pyknotic cells were found extending from the caudal portion of the Cl segment to the rostra1 portion of segment C14. Dying cells were first observed at st. 23 (E4). In all segments the greatest number of pyknotic cells was observed at st. 24 (E4.5) after which the number of pyknotic cells decreased from st. 25 to 27 (E4.5-E5.5).
There was a significant rostrocaudal gradient in the magnitude of cell death, with approximately twice as much degeneration occurring in the caudal cervical segments (Fig. 2) . At st. 23, when cell death begins, there are -60
and 80 Islet-l-positive healthy ventral horn neurons per &pm-thick section in rostra]-cervical segments (C3-C4) and caudalcervical segments (ClO-Cll), respectively. Accordingly, the ob- served rostro-caudal gradient is partially explained by differences in cell number before the onset of cell death.
Detailed descriptions of the morphology of degenerating cells in the cervical ventral horn have been reported by O'Conner and Wyttenbach (1974) . Although our observations are in agreement with these authors (Fig. 3A) , we have extended their observations to the morphology of pyknotic profiles observed in the marginal zone adjacent to the motor column, It was often observed that dead cells in this region were contained within large, round macrophage-like cells (Fig. 3B ). Phagosomes containing cell debris were also often found in the endfeet of neuroepithelial cells (Fig. 3C ). These findings suggest that pyknotic profiles observed in the marginal zone by light microscopy (see above) are cell debris that were previously removed from the motor columns by the phagocytic activity of neuroepithelial cells and macrophagelike cells. Recently, macrophages have been confirmed to be present in the ventral marginal zone and the ventral horn during this early cell death period (Cuadros et al., 1993) . Determination of the identity of dying cells by specific markers and retrograde tracing Colocalization of TUNEL positivity and a neuronal marker, Islet-l To identify dying cells in the ventral horn, an Islet-l antibody was used as a marker for ventral horn neurons (Ericson et al., 1992; Tsuchida et al., 1994) . At E4 (st. 23) virtually all of the cells in the ventral horn region expressed Islet-l immunoreactivity (Fig, 4A) . To demonstrate localization of Islet-l in dying cells, sections of E4-E4.5 (st. 23+) embryos were double stained with TUNEL and anti-Islet-l antibody and observed with confocal microscopy. Colocalization of TUNEL and Islet-l were often observed in the optical thin sections of confocal microscopy. In a representative case at st. 23+ (Fig. 4B) , an average 4 of 11 TUNEL positive profiles showed colocalization with Islet-l in a lo-pm-thick section.
A reduction in the number of Islet-l-positive neurons during the cell death period was also observed. In ClO-Cl1 segments, on average, 80 per 8-km-thick section and -3200 per one segment of Islet-l-positive cells were counted at E4 (st. 23) ( Table 1) . At E4.5, the number of Islet-l-positive neurons was reduced to 60 per 8-pm-thick section and -2600 neurons per one segment (Table 1) . Because generation of motoneurons still continues between E4 and E4.5 (see below), the actual reduction of Islet-l-positive cells is very likely much more than the 25% indicated by these data.
Colocalization of Lim-3 mRNA and Islet proteins In studies of early motoneuron development, Ericson et al. (1992) have shown that Islet proteins are expressed by differentiating visceral and somatic motoneurons. More recently, Tsuchida et al. (1994) have found that the transcription factor Lim-3 is expressed in somatic motoneurons and ventral interneurons. Although neither Islet proteins nor Lim-3 mRNA alone can distinguish somatic from visceral motoneurons, expression of both markers in the same cell implies a somatic motoneuron phenotype for cervical neurons located in the medial motoneuron column (Tsuchida et al., 1994) . Therefore, a procedure allowing colocalization of Lim-3 by in situ hybridization and of Islet proteins (Islet-l and Islet-2) by pan-Islet immunohistochemistry was performed. Lim-3 mRNA was found in a subpopulation of ventral neurons, as shown in Figure 5 . Islet immunoreactivity is present in a distinct but partially overlapping population. The position of Islet and Lim-3 colocalization corresponds closely to the area in which dying cells are observed. It was not possible to counterstain these preparations with a Nissl stain to directly observe pyknotic nuclei without obscuring the results of the in situ hybridization study. To determine whether dying cells were confined to the region of colocalization, this region was drawn (20X) using a camera lucida (Fig.  SC) . After making the drawings, the sections were stained with hematoxylin, and the pyknotic nuclei were drawn in over the original drawing of Lim3 and Islet colocalization. Most of the dying cells (85%) were within the region of colocalization. Many of those dying cells outside the region of colocalization were closely apposed to cells expressing both markers and may represent cells with low levels of Lim-3 expression. Other pyknotic cells outside the region of colocalization were located close to the marginal zone. Electron microscopic observations indicate that apparent pyknotic nuclei observed near the marginal zone actually are cell debris contained within phagocytic processes (Fig. 3) and thus would no longer be expected to express phenotypic markers.
Results of the above experiments, taken together, suggest that many, if not all, dying cells in the ventral horn of the cervical ventral horn express Islet proteins and Lim-3 mRNA before cell death, consistent with their being somatic motoneurons. Finally, previous studies on the localization of spinal interneurons by retrograde labeling failed to observe labeled cells in the cervical ventral horn region (Oppenheim et al., 1988b) . Therefore, it seems highly likely that the dying cervical cells are somatic motoneurons that constitute the medial motor column.
Retrograde labeling of dying cells by FITC-latex beads To confirm that dying cells send their axons to the peripheral somatic region of the embryo before the onset of degeneration, we retrogradely labeled cells in the ventral horn with FITC- labeled latex beads. These beads are nontoxic to living cells and are recognizable by both light and electron microscopy (Katz et al., 1984; Egensperger and Hollander, 1988) . The beads were injected into the cervical somatic region of embryos at st. 22-23, and the embryos were fixed at st. 24-2.5. FITC-latex beads were observed in cells in the ventral horn region and in the spinal ganglion (Fig. 6A) . Because no fluorescence was observed on the side contralateral to the injection site or in other adjacent segments, it is unlikely that the FITC-latex beads wcrc transported through the circulation 01 by other means not involving retlograde transport. Observations of sections double labeled by TUNEL and FI'TC-latex beads by confocal microscopy revealed that there was close colocalization of TUNEL positive profiles and FITC-latex beads (Fig. 6&C) . Observations with electron microscopy revealed that the latex beads within healthy cells were surrounded by a cellular membrane (Fig. 7A) , suggesting that the beads had been taken into the cell by pinocytosis. We also observed some dying cells that contained latex beads (Fig. 7B, C) . In a rcprcscntativc cast shown in Figure 6 , an avcragc of 28 TUNEL-positive profiles were counted per IO-pm-thick section. On average, four of these were found to be colocalized with the FITC-latex beads. In the same sections, an average of 21 clusters of FITC-latex beads was observed. This relatively low rate of colocalization of FITC-latex beads and TUNEL positivity may be partially explained by technical limitations (e.g., efficiency of the retrograde tracing method). It is also possible that some axons of degenerating cells do not reach the target region before the onset of cell death or that axons of some degenerating cells do not even project through the spinal nerve into the periphery.
Examination
of motoneuron death between E5.5 and El0 in the cervical cord The above results indicate that many of the dying cells in the cervical cord at E4-E5 are somatic motoneurons.
This raises the question of whether this cell death is simply an early onset of the type of motoncuron death that occurs later in other regions between E6 and El0 (Hamburger, 1975; Chu-Wang and Oppenheim, 1978a,b; Oppenheim and Majors-Willard, 1978; Laing, 1982; Lanser and Fallon, 1984; O'Brien and Oppenheim, 1990; O'Brien et al., 1990) . To address this question, we examined whether cell death also occurs in the ventral cervical cord after E5. We counted healthy and pyknotic cells in the ventral horn and axons in the ventral root from ES.5 to ElO. Between E.5.5 and ElO, of the axons in the ventral root of cervical segments disappear (Fig. 8) . Counts of healthy cells in the ventral horn revealed that between E6 and ElO, -50% of the cells also disappear (Fig. 8, Table 2 ). These data were confirmed by counts of Islet-immunopositive cells on E6 and El0 showing a X&60% reduction in the number of immunoreactive cells in the ventral horn (data not shown). During this period, significant numbers of pyknotic motoneurons were also observed by light (Table 2) and electron microscopy (data not shown). Taken together, these results indicate that motoneuron death occurs in the cervical cord between E5.5 and El0 at a similar rate to other spinal segments.
Temporal relationship between early cell death and development of motoneurons The results described above suggest that motoneuron death in the cervical cord occurs in two phases: an initial short phase (E4-ES) and a later, more extended phase (ES.5-ElO). To begin to further characterize motoneuron death during the early phase, we examined the development of spinal nerves and the timing of formation (birth dates) of cervical motoneurons.
Development of spinul nerves
Development of cervical spinal nerves was examined by immunohistochemistry, using a neurofilament antibody and an anterograde-labeling method using DiI (Fig. 9) . At E3.5, bundles of peripheral spinal nerve axons run ventrolaterally along the ventromedial side of the dermamyotome, and the leading edge of the axon bundles has already reached the ventral end of the dermamyotomc (Fig. 9,4) . At E4, the Icading edge of the axon bundles still remains at the ventral end of the clcrlllanlyotome, and a small number of axons have begun to project from the bundle to enter the dermamyotome (Fig. YR) . At ES, the dorsal branches of the spinal nerve become distinct, and most have entered the dermamyotome (Fig. YC) ; the leading edges of the ventral branches also now begin to enter the somatopleural region of the embryo; sprouts from the ventral branch also enter the dermamyotome. At E6, the leading edge of the spinal nerve reaches the subcutaneous region, and myotomes are now heavily innervatcd by many axons. Small axonal sub-branches also can be June 1, 1996, 76 observed running toward the muscles in front of the vertebra (Fig. 90 ).
The existence of transient preganglionic communicating branches from the cervical spinal nerves to the sympathetic ganglia has been controversial (Tello, 1925; Terni, 1931; LeviMontalcini, 1950) . We observed apparent communicating branches in >50% (10/17) of the cervical spinal nerves at E3.5 (st. 21). These communicating branches consisted of only a very small number of axons (Fig. 9E) . By E4 (st. 23), the number of communicating branches was reduced to <2% (l/53) (Fig. SF) . No preganglionic communicating branches were observed at E4.5 or at later stages.
Axons in the ventral root
We examined the Cl0 ventral root in the electron microscope and counted axons during the early cell death period (E3.5-E5.5). Figure 10 shows the changes in axon numbers in the ventral root during this time. The number of axons increased rapidly from st. 21122 (E3.5) to st. 23 (E4). Between st. 23 (E4) and st. 26 (E5), when early cell death occurs, there was no significant change in axon number. From st. 26 (E5) to st. 28 (E5.5-E6), there was again an increase in axon number. Between st. 23 and st. 26, we often observed degenerating axons in the ventral root (Fig. 11A) . Growth cone-like profiles also often were observed in the ventral root during this period (Fig. 11B ). These observations suggest that in the period of early cell death (E4-E5) axonal elongation and innervation of muscles are still ongoing.
Timing of formation of motoneurons
To determine the birth dates of surviving motoneurons versus motoneurons that die during the early cell death period, we examined the timing of the final mitoses of neurons by using [3H]thymidine (Figs. 12, 13 ).
Motoneurons that survive until E.5.5. Most motoneurons in the cervical-ventral horn were generated between E2 and E4.5 (Fig.  13A) . Early generated neurons tend to be located in the ventromedial region of the ventral horn (Fig. 124) , whereas the later generated motoneurons were located in ventro-lateral regions (Fig. 12&C) motoneuron production that has been observed in other spinal regions (Hollyday and Hamburger, 1977) .
Lying cells and apparently healthy cells at E4.5. More than 90% of dying cervical neurons became postmitotic before E3.5, with over 60% of these being generated between E3 and E3.5. On the other hand, apparently healthy motoneurons at E4.5 were generated between E2 and E4.5 (Figs. 12, 13B ). Healthy motoneurons that became postmitotic after E3.5 were located in more medial portions of the ventral horn at this stage (Fig. 12E) .
These data indicate that the generation of motoneurons that survive the early cell death period is more prolonged than that of neurons that die during this time and that most of the dying cells at E4.5 have withdrawn from the mitotic cycle more than 12 hr before the initiation of cell death.
Experimental approaches
Curare treatment It is known that treatment with curare and other neuromuscularblocking agents can rescue motoneurons from programmed motoneuron death (Pittman and Oppenheim, 1978 Oppenheim, , 1979 . Neuromuscular activity begins in the cervical region by E3.5-E4.0 (Oppenheim, 1974) , and this activity is blocked by curare, indicating that at least some cervical motoneurons have established functional synaptic contacts by E3.5. We examined the effects of curare treatment on the early cell death as well as on cervical motoneuron death at later developmental stages. Two kinds of experiments were performed. In the first experiment, curare treatment was started at E3 (st. IS), and pyknosis in the ventral horn of the cervical cord was quantified at E4.5 (st. 24). In the second experiment, curare treatment was started at E3.5, E4.5, or E5.5 and continued until E9.5. Axons in the ventral root of the Cl0 segment were counted at ElO. Curare treatment from E3 did not alter the number of pyknotic cells in the ventral horn of the cervical cord at E4.5 (Fig. 14A) . After curare treatment from E5.5 to E9.5, -40% more axons were counted in the ventral root as compared with controls (Fig. 14B) . However, when curare treatment started at E4.5 or E3.5, axon numbers in the ventral root on El0 did not differ from that seen after curare treatment had begun on E5.5. Also, curare treatment from E3 to E4.5 did not increase the number of healthy cervical motoneurons present on E5, whereas treatment from E5.5 to E9.5 resulted in a significant (40%) increase in surviving motoneurons on El0 (data not shown). Collectively, these results suggest that curare treatment is effective in rescuing cervical motoneurons from cell death between E5.5 and El0 but is ineffective in preventing early cell death between E4 and E5.
Transplantation of cervical segments to the brachial region To examine whether the size of peripheral muscle targets affects cell death in the cervical cord, we transplanted the cervical cord to the brachial (wing) region, counted pyknotic cells in the transplanted graft at E4.5 (St. 24), and also compared the number of healthy Islet-1-immunopositive cells in the ventral horn of the transplant at E5 and E9. This kind of manipulation is known to rescue motoneurons from cell death in the medial motor column of the thoracic region, even though the targets of the transplanted motoneurons are not appropriate. (O'Brien and Oppenheim, 1990; O'Brien et al., 1990) . Used in this analysis were only those cases in which peripheral nerves from the transplant were confirmed to enter the limb by light microscopy. Figure 15A shows no significant differences on E4.5 in the number of pyknotic cells between control and experimental cases (Fig. 15A) . Additionally, the number of healthy cells in the ventral horn of experimental cases was not significantly different from controls on E5 (Fig.  15B) . However, at E9 -30% more healthy motoneurons were present in experimental cases (Fig. 15C) . These results suggest that increasing target size can rescue motoneurons that normally would die between E5 and E9 but that similar increases in target size do not rescue cervical cells during the early cell death period.
Transplantation of cervical segments to the thoracic region and thoracic segments to the cervical region To examine the possibility that the cervical environment is somehow involved in inducing early cell death in the cervical ventral horn, transplantations of cervical segments to the thoracic region and thoracic segments to the cervical region were performed. Transplantation of either rostra1 (n = 6) or caudal (n = 7)
segments of the cervical neural tube to the thoracic region on E2 failed to alter the amount of cell death observed in the ventral horn on E4.5 (Sham control = 18 -C 9 dying cells per section, n = 8 vs 21 ri: 7 per section in transplant embryos, n = 13). When thoracic segments (T2-T4) of st. 13 embryos were transplanted into the cervical region (C9-Cll) of st. 12 embryos, cell death between E4 and E5 was not observed in the ventral horn of the transplanted thoracic segments (data not shown). Additionally, examination of labeled neurons by the retrograde DiI technique showed that a distinct nucleus of Terni, which is a thoracic-specific structure, had failed to develop in cervical segments transplanted into the thoracic region (Fig. lti) . By contrast, in thoracic segments transplanted into the cervical region, a normal-appearing nucleus of Terni was formed (Fig. 16B) , and communicating rami projecting from the spinal nerves to the sympathetic ganglia were maintained (data not shown).
Transplantation of cervical segments between the chick and the quail We examined cell death in the cervical cord of quail embryos and confirmed that, whereas early cell death also occurs in this avian species, the onset was -0.5 d earlier than that in the chick embryo, reflecting the generally accelerated development of the quail embryo (Fig. 17A) . We used this time difference between the two species to determine whether circulating systemic signals affect the time of initiation of cell death. Cervical segments were transplanted either from chick to quail or from quail to chick. The number of pyknotic cells was counted in the cervical segments at E3.5, E4, E4.5, and E5, in both sham control embryos and in embryos with transplanted grafts. Although a small (but statistically significant) difference was seen at E4.5 in cases with quailto-chick transplantation (Fig. 17B) , in general after both chickto-quail and quail-to-chick transplantations, the timing of initiation and the rate of cell death were similar to controls (Fig.   17B,C) . These results suggest that, even after transplantation between different species, the temporal schedule of development of ventral horn neurons is preserved and that the initiation of early cervical cell death in avian embryos is determined by cues A supernumerary ventral horn can be induced in avian embryos by transplanting the notochord or floor plate to an ectopic site lateral or dorsal to the neural tube (Placzek et al., 1991; Yamada et al., 1991 Yamada et al., , 1993 . We examined whether early cell death also occurs in such an induced ectopic supernumerary ventral horn in either the cervical or brachial cord. Cell death occurred on schedule at E4.5 in the induced motor column in the cervical cord (Fig. l&t) , whereas no cell death was observed in the induced motor column in the brachial segments (Fig. 18B) .
Effect of metabolic inhibitors and neurotrophic agents
Cycloheximide and actinomycin D. To determine whether protein or RNA synthesis is required for the initiation of the early cervical cell death, embryos were treated with cycloheximide or actinomytin D. Treatment was started at st. 23, and after 8-10 hr of survival, the number of pyknotic cells was counted in the Cl0 segment. A total of 0.75 pg of cycloheximide and 1.5 pg of actinomycin D was administered. It was confirmed that in this situation protein synthesis was reduced by >60%, without any apparent delay of general embryonic development (data not shown). As shown in Table 3 , the number of pyknotic cells in the cervical segments was considerably reduced by both cycloheximide and actinomycin D treatment. Neurotrophic factors. To determine whether growth factors or trophic molecules are involved in early cervical cell death, we examined the effect of treatment with various defined neurotrophic factors and partially purified tissue extracts, which are known to promote the survival of motoneurons and other neuronal populations during avian development in vitro and in vivo (Arakawa et al., 1990; Sendtner et al., 1990 Sendtner et al., , 1991 Sendtner et al., , 1992a Bhattacharyya et al., 1992; Oppenheim et al., 1992 Oppenheim et al., , 1993 Yan et al., 1992 Yan et al., , 1993 Henderson et al., 1993; Li et al., 1994; Yin et al., 1994) . Treatment with these agents was started at E3.5, and pyknosis was quantified on E4.5 (st. 24). In addition to MEX, BEX, and A-CM, NGF, BDNF, NT-3, activin, BMP-2, TGF-/31, CNTF, bFGF, IGF-I, IL-6, CDF/LIF, SlOO+, and PDGF were also tested. The amount of each factor used and the results are summarized in Table 4 . None of the agents that were examined had any effect on the early death of cervical motoneurons on E4.5. Although many of these factors have been shown to rescue motoneurons m lumbar segments from normal cell death between E5 and ElO, with the exception of MEX and BEX (Table 4) , their effectiveness in vitro or in vivo on cervical cell death between E5 and El0 has not yet been examined.
Cervical cell death in mutant (cn and fd embryos Although spinal motoneuron death between E6 and El0 is greatly decreased in muscular dysgenic cn-mutant embryos (Oppenheim et al., 1996) , early cervical cell death was not altered in cn embryos examined on E4.5 (Table 4 ). In ta'-mutant embryos, programmed cell death of mesenchyme fails to occur in the developing limb (Dvorak and Fallon, 1991) . We examined early cervical cell death in ta* embryos to determine whether this mutation might also affect the programmed cell death of neurons. However, as shown in Table 5 , the death of cervical motoneurons in ta2 embryos occurred on schedule (E4.5) and at the same rate as in the No significant differences were observed. B, Bar graph showing the number (mean -C SD) of axons in the Cl0 ventral root at El0 after continuous curare treatment from E3.5, E4.5, or E5.5 to E9.5. All experimental groups showed significant increases in axon numbers compared to controls (p < 0.001, ANOVA). However, no significant differences were observed between experimental groups.
controls. These results suggest that the molecular defects in the cell death process in these mutants does not affect cell death in the cervical spinal cord between E4 and E5.
DISCUSSION
Identity of the dying cells
The present study provides two major lines of evidence that dying cells in the cervical-ventral horn of chick embryo between E4 and E5 are somatic motoneurons. First, we demonstrated that many of the dying cells express Islet proteins and Lim-3 mRNA before cell death. Colocalization of both markers in the same cells indicates that the cells are somatic motoneurons in the medial motor column that innervate axial muscles (Tsuchida et al., 1994) . Second, we confirmed that at least some of the dying cells in the ventral horn of the cervical cord of the E4-E5 chick embryo send axons to the cervical-somitic region before cell death. Dying cells in the cervical-ventral horn have been suggested to be transient visceral motoneurons, sympathetic preganglionic neurons (SPNs) (Levi-Montalcini, 1950 , 1964 . This suggestion was based on the following observations. (1) Communicating branches appear to exist between cervical spinal nerves and sym- pathetic ganglia before the cell death period, and these disappear concomitant with cell loss (Levi-Montalcini, 1950) . (2) In thoracic segments, the SPNs initially seem to be intermixed with somatic motoneurons in the ventral horn but then later migrate from this region to form a distinct nucleus. SPN-like nucleus of Terni was observed in a few cases (Shieh, 1951) .
The existence of transient preganglionic communicating branches in the cervical region has been controversial. Both Tello (1925) and Terni (1931) concluded that the communicating branches are aberrant, whereas Levi-Montalcini (1950) concluded that they are a normal, albeit transient, phenomenon. Our results after anterograde tracing with DiI and immunohistochemistry of neurofilament revealed that ~50% of the cervical spinal nerves have apparent communicating branches consisting of only a small number of axons and projecting toward the sympathetic ganglia at E3.5. However, most of such projecting axons had disappeared by E4, when cell death begins. Because we could not identify the parent neurons of axons projecting toward the sympathetic ganglia or determine whether they actually innervate the ganglia, it is unclear whether these are transient, sympathetic preganglionic neurons or transient aberrantly projecting axons or axonal branches of somatic motoneurons.
In any event, because the number of axons in the communicating branches that are observed is far too few to account for the numerous dying cells and because these disappear before rather than during the cell death period, it is unlikely that many of the dying cells have axons projecting toward the sympathetic ganglia before cell death. In the present study, we did not examine the development of SPNs in thoracic segments. However, in a recent study, Prasad and Hollyday (1991) used a retrograde tracing method to show that most SPNs in the thoracic segments remain close to the ventricular epithelium until the start of the dorsal migration and thus are never intermixed with somatic motoneurons in the ventral horn, as originally claimed by Levi-Montalcini (1950) . Finally, we have been unable to replicate the report by Shieh (1951) that, after transplantation of cervical segments to the thoracic region, SPN-like cells are found and that these represent rescued cervical neurons (i.e., transient preganglionic cells) that would have died if the neural tube had remained in its normal location. Although we cannot exclude the possibility that under June 1, 1996, 76(11):3685- A, A line graph showing the difference in timing of cell death in the lower cervical cord (Cll) between chick and quail. Sample size = 4 for both chick and quail. B, The number (mean 2 SD) of pyknotic cells in cervical segments transplanted from chick to quail (experimental) and chick to chick (control). C, The number (mean 2 SD) of pyknotic cells in cervical segments transplanted from quail to chick (experimental) and quail to quail (confrol). *p < 0.001, t test. some circumstances the thoracic environment can induce or maintain the development of SPN-like cells in transplanted cervical segments, our experiments provide no evidence for this notion. Additional evidence that the dying cervical motoneurons on E4.5 do not represent preganglionic cells that die because of a nonpermissive environment comes from our observation that preganglionic cells survive and differentiate after transplantation of the thoracic neural tube to the cervical region on E2.
The mode of early cervical cell death is by apoptosis A previous morphological study suggested that the early cell death in the cervical cord occurs by apoptosis (O'Conner and Wyttenbath, 1974). Our own observations support this idea. First, we There are two types of motoneuron death in the cervical region Cell death of cervical motoneurons occurs in two phases: an initial short phase (E4-E5) and a second, more extended (E5-ElO) phase. The present study has revealed that, although the mode of cell death in the early and late phases is the same (apoptotic) (O'Conner and Wyttenbach, 1974; Chu-Wang and Oppenheim, 1978a,b) , the regulation of motoneuron death in the two phases is different.
Two lines of evidence indicate that the late phase of cell death corresponds to naturally occurring motoneuron death that also occurs in other segments of the spinal cord between E6 and EIO. First, the time and rate of this second phase of cervical cell death are similar to motoneuron death in other segments. In other segments (e.g., lumbar, thoracic, brachial) of the chick spinal cord, -40-60s of motoneurons are known to die between E6 and El0 (Hamburger, 1975; Chu-Wang and Oppenheim 1978a,b; Oppenheim and Majors-Willard, 1978; Laing, 1982; Lanser and Fallon, 1984; O'Brien and Oppenheim, 1990; O'Brien et al., 1990) . Second, activity-blockade (curare) treatment and increasing the size of peripheral targets, both of which are known to prevent naturally occurring motoneuron death (Hollyday and Hamburger, 1976; Pittman and Oppenheim, 1978, 1979; O'Brien and Oppenheim, 1990 ) are also effective in modulating cell death in the cervical region between E6 and ElO. It has been suggested that neurons are programmed originally to die at a certain stage in development and that their survival is contingent on successful competition for limiting sources of trophic factors. Access to sufficient trophic factor is thought to suppress an active cell death program (the neurotrophic theory) (for review, see Purves, 1988; Oppenheim, 1989 Oppenheim, , 1991 . In early stages of motoneuron development, target muscles are a particularly important source of trophic factors.
Our present results suggest that the early and late phases of cell death in the cervical cord are regulated differently. First, we observed that axonal outgrowth and the genesis of motoneurons continue during the early phase of cell death. We also observed that some dying cells were retrogradely labeled by latex beads injected into the presumptive target region of the cells before the onset of cell death. These observations indicate that at least some neurons in the cervical-ventral horn can survive the early phase of cell death before their axons have reached the target, whereas other neurons whose axons have already reached the target region undergo cell death. Second, neither activity blockade (curare) nor increasing the size of peripheral targets was effective in altering the early phase of cell death. Third, the early phase of cervical cell death was not altered in the cn mutant, whereas motoneuron death in the late phase was decreased. Finally, treatment with exogenous, partially purified MEX, which is known to rescue motoneurons between E6 and El0 (Oppenheim et al., 1988a) , did not rescue the dying cells in the early phase. These results are difficult to explain within the context of the target-derived neurotrophic theory (Oppenheim, 1989) and they also tend to exclude the possibility that there are two motoneuron populations in the ventral horn of the cervical cord of the chick, one of which (Mettling et al., 1993) . Recent studies also suggest that the intracellular mechanisms mediating the early phase of cervical motoneuron death may differ from those acting between E6-ElO.
Interleukin lpconverting enzyme (ICE), a mammalian homolog of the Cueno-I-habditis &guns cell death gene, ted-3, has been shown to induce apoptosis of neurons (Miura et al., 1993) . Recently, it was reported that administration of ICE inhibitors prevents cell death of avian lumbar motoneurons in vitro and in viva (Milligan et al., 1995) . By contrast, these same inhibitors were ineffective in preventing the early phase of cell death in the cervical cord (Milligan et al., 1995) . Another apparent difference in the intracellular mechanisms of cell death in the early and late phases is the possible role of oxidative stress. N-acetylcysteine (NAC), an agent that raises intracellular levels of the major antioxidant glutathione, rescues rat sympathetic neurons from cell death in vitro after NGF deprivation (Ferrari et al., 1995) . Treatment of chick embryos with NAC during the late period of programmed cell death (E6-E9) significantly reduces the number of pyknotic motoneurons on E8 and increases the number of healthy cells on ElO. By contrast, treatment with NAC on E3.5 and E4.0 does not prevent the early phase of cervical motoneuron death (Oppenheim et al., 1995) . Because the intracellular events that mediate the death of avian motoneurons are unknown, the significance of the different results after treatment with ICE inhibitors and N-acetylcysteine is not entirely clear. However, they suggest that the molecular mechanisms that mediate early and late phases of cervical cell death may differ.
What regulates early cell death in the cervical cord?
Induction of an ectopic supernumerary ventral horn in the cervcal (but not brachial) spinal cord results in the occurrence of an early phase of motoneuron death in the induced ventral horn region. This suggests that perhaps all of the neuroepithelial cells comprising the cervical neural tube contain a potential early cell death program that is activated once the induction and differentiation of motoneurons begin.
After transplantation of cervical segments to other spinal regions on E2, the rate of early cell death was not altered. Furthermore, after transplantation of the thoracic segments to the cervical region, early cell death did not occur in the ventral holn of the transplanted thoracic segments. These results provide strong evidence that, after E2, the local environment outside the neural tube does not regulate early cell death; rather, the transplanted neural tube develops according to its site of origin. For example, a sympathetic preganglionic nucleus specific for thoracic segments was retained in thoracic segments transplanted to the cervical region. Together with previous studies (O 'Brien and Oppenheim, 1990; O'Brien et al., I990) , these findings suggest that the rostrocaudal identity of the avian spinal cord is determined before E2 and can not be altered by transplantation after this time, although some modification of motoneuron development by target-derived signals occurs at later developmental stages (Yin and Oppenheim, 1992) .
We have confirmed that early cervical cell death also occurs in the quail embryo -0.5 d earlier than in the chick embryo, probably reflecting the faster rate of development of the quail embryo. After reciprocal transplantation of the cervical segments at El.5 between quail and chick, early cell death in the transplanted This indicates that, after transplantation, a species-specific program for cell death is maintained for at least 2.5-3 d despite differences in putative systemic signals in the host embryo. By contrast, in some other examples of cell death, alterations in the concentration of systemic hormones trigger cell death (Fahrbach and Truman, 1987; Kimura and Truman, 1990; Truman et al., 1990; Fahrbach et al., 1994) . Also, these data from quail-chick transplants are not consistent with the possibility that signals derived from ascending or descending fiber tracts induce early cervical cell death. The occurrence of these signals would have been accelerated (chick to quail) or retarded (quail to chick) in these experiments. Preliminary studies with the chick tend to support these data, in that prevention of the ingrowth of ascending or descending fiber tracts does not seem to alter the rate of early cervical cell death (Yaginuma et al., unpublished observation) .
Taken together, these results suggest that early cell death in the avian cervical cord may be determined by a cell-autonomous program. The intrinsic program would be initiated in motoneurons in the cervical cord after at least two steps: first, differentiation into a cervical-speci$c neural tube; and second, differentiation into somatic, medial motoneurons.
Once this cell death program is initiated at a certain developmental stage, environmental factors would not be able to suppress it. However, because of inherent technical limitations of our in viva experiments, we could not determine whether local cell-cell signals derived from within the cervical neural tube play a role in regulating cell death. Transplantation of cervical segments to ectopic locations was always done with the organization of, and local interactions within, the neural tube being maintained. Therefore, we cannot exclude the possibility that other cervical cells in close proximity to motoneurons are involved in the cell death process. The posterior necrotic zone (PNZ) of the chick wing bud is a well known example of programmed cell death in which such local signals may regulate survival (Saunders et al., 1962; Saunders, 1966; Fallon and Saunders, 1968) . When tissue in this region is excised later than st. 21 and transplanted to an ectopic region, mesenchymal cells in the PNZ die on schedule at st. 24 (Saunders et al., 1962; Fallon and Saunders, 1968) . However, a recent study has shown that cell death in the PNZ can be inhibited by removing the overlying ectodermal ridge (Brewton and MacCabe, 1988) . This suggests that signals from the immediate cellular environment can alter the cell death program in the PNZ. The same thing may be true for early cervical cell death. Recently, it was reported that a vertebrate homolog of the Drosophila segment polarity gene hedgehog (v/&-I) contributes to the floor plate-and motoneuroninducing activities of the notochord (Roelink et al., 1994) . It will be of considerable interest to determine whether vhh-l is also involved in the determination or the initiation of early cervical cell death.
Our present results also do not address the issue of whether the selection of which specific neurons will die is linked to particular cell lineages, as occurs in the nervous systems of nematoda and some insects (for review, see Ellis et al., 1991; Driscoll, 1902; Truman et al., 1992) or whether cell death is determined stochastically by cell-cell interactions among motoneurons or between motoneurons and other local cells. Although motoneurons in the ventral horn of the cervical cord at E4 are known to be a homogeneous population based on morphological criteria (LeviMontalcini, 1950 (LeviMontalcini, , 1964 Oppenheim et al., 1989) , an analysis of cell birth dates revealed that most of the dying cells in the early phase become postmitotic before E3.5, whereas motoneurons that survive the cell death period are generated as early as E2 and as late as E4.5. This difference in the birth dates indicates that neurons dying during the early phase of cell death may comprise a discrete subpopulation, most of which are destined to die.
Neurotrophic factors were not effective
One of the striking results of this study is that tissue extracts and a wide variety of neurotrophic factors, which have been shown to rescue motoneurons from programmed cell death during later development or after injury (Arakawa et al., 1990; Sendtner et al., 1990 Sendtner et al., , 1991 Sendtner et al., , 1992a Bhattacharyya et al., 1992; Oppenheim et al., 1992 Oppenheim et al., , 1993 Yan et al., 1992 Yan et al., , 1993 Henderson et al., 1993; Li et al., 1994; Yin et al., 1994) , were ineffective in preventing early cervical cell death. This suggests that the cells that die in the early phase of cell death either do not express functional receptors for these neurotrophic factors or that receptors, if present, do not regulate survival at these stages. Preliminary results indicate that the low-affinity neurotrophin receptor, ~75, is present on the axons of E4.5 cervical spinal nerves. In addition, mRNA for the high-affinity neurotrophin receptors trkA and trkC are present at E4 in the ventral-cervical spinal cord, and the radiolabeled-trkA and trkC ligands, NGF and NT-3, respectively, are taken up by E4 ventral-cervical neurons after systemic administration (S. McKay and R. Oppenheim, unpublished data). However, none of these neurotrophins rescued cervical motoneurons from the early phase of cell death. Another possible explanation for the negative results of the neurotrophic experiments is that, although receptors may have been expressed, treatment was begun too late to influence the cell death program. Although treatment with neurotrophic factors was started at E3.5 12-24 hr before the initiation of cell death, because most of the cells that die at E4.5 become postmitotic before E3.5, it is possible that by E3.5 the cells are already irreversibly committed to a cell death program and, therefore, could not be rescued. Although we can not exclude this possibility, because preliminary studies using MEX treatment begun on E2.5 also failed to rescue cells on E4.5, we consider this an unlikely alternative. Finally, we also can not exclude the possibility that other known or novel growth factors not tested here may prove to be effective in rescuing these cells from death.
The negative results with NGF also provide additional evidence against the argument that the dying cells are SPNs. Treatment of chick embryos in viva with NGF during the normal period of cell death of thoracic SPNs (E7-Ell) rescues these cells by an indirect route, i.e., by increasing the size of sympathetic ganglia (Oppenheim et al., 1982) . However, neither this previous study nor the present one found any effect of NGF on the early phase of cervical cell death despite the fact that NGF does increase the size of cervical sympathetic ganglia on E4.5 (Oppenheim et al., 1982) .
Comparison with cell death in the earliest stages of neural tube development
Cell death in very early developmental stages has been reported in various regions of the central nervous systems of vertebrates (Ghicksmann, 1951; Silver, 1978) . For example, between E2.5 and E3.5 many pyknotic cells are observed in four distinct regions of the chick embryo caudal-neural tube, excluding the ventral horn (Homma et al., 1994) . This early cell death is thought to represent a kind of negative selection for inappropriate phenotypes or precursor cells, because cell death occurs during differentiation and pattern formation of the neural tube along the dorso-ventral axis (Homma et al., 1994) and perturbations that alter putative signals for dorso-ventral differentiation (e.g., notochord removal) also alter the amount and distribution of cell death (Homma and Oppenheim, 1992) . Although the early death of cervical motoneurons may also be involved in some aspects of differentiation along the dorso-ventral axis, there are important differences in these two types of early cell death. Most of the dying cells in the E4.5 cervical spinal cord have been postmitotic for 12 hr to 2 d and have begun axonogenesis and target innervation, whereas dying cells in the early neural tube (E2-E3) die shortly after becoming postmitotic or even during the cell cycle (Homma et al., 1994) and before extending the neuronal processes.
In conclusion, we have identified an early and massive form of programmed cell death of cervical motoneurons that is distinct from spinal motoneuron death at later stages, primarily by virtue of its independence from regulation by target-derived signals and its occurrence only in cervical segments of the spinal cord. At present neither the biological functions nor the specific mechanisms regulating this novel type of programmed neuronal death are known. Because the early death of cervical neurons is the only example of programmed cell death in vertebrates known to us in which motoneuron loss and survival occur independent of regulation by target-derived trophic signals, further studies are needed to attain a deeper understanding of this novel phenomenon.
